Pepino mosaic virus (PepMV) is a highly infectious potexvirus that causes a severe disease in tomato (Solanum lycopersicum) crops worldwide. In Sicily, the first outbreak was detected in a single greenhouse in 2005 and it was promptly eradicated. However, in 2008, a large number of greenhouses were simultaneously affected, and it was impossible to eradicate or control the virus. This study addressed the dispersion and the genetic diversity of PepMV isolates obtained from the outbreak in Sicily, in comparison with worldwide PepMV isolates, to gain insight into the factors determining the evolution and epidemiology of the virus. A total of 1800 samples from plants with and without symptoms were collected in the Sicilian provinces of Agrigento, Caltanissetta, Palermo, Ragusa, Siracusa and Trapani. Three isolates collected at different times were biologically characterized. The incidence of the virus increased rapidly from 13% in 2011 to 63% in 2013, and phylogenetic analysis showed that all Sicilian isolates of PepMV belonged to the CH2 strain, one of the six strains previously described. Nucleotide diversity of the Sicilian isolates was low, thus suggesting rapid spread and genetic stability.
Introduction
Tomato (Solanum lycopersicum) is an important vegetable crop with a worldwide production of over 161 million tonnes worth over €808 000 million in 2012 (FAO, 2012) . China is the leading producer in the world (50 million tonnes), followed by India and the United States, while Italy and Spain are the leading tomato producers in Europe (over 5 million and 4 million tonnes, respectively; FAO, 2012) . In the last decade, emerging viral diseases have been reported in tomato crops worldwide and caused considerable economical losses (Hanssen et al., 2010a) . Tomato is one of the most economically important crops in Sicily, with the yield of approximately 46% of the total national production (ISTAT, 2013) . However, important losses in greenhouse tomato production have been caused by several different viruses: Tomato infectious chlorosis virus (TICV), Tomato mosaic virus (ToMV), Tomato chlorosis virus (ToCV) (Accotto et al., 2001) , Cucumber mosaic virus (CMV), Tomato spotted wilt virus (TSWV) , Tomato yellow leaf curl virus (TYLCV) and Tomato yellow leaf curl Sardinia virus (TYLCSV) and recombinants of both (Accotto et al., 2003; Davino et al., 2006 Davino et al., , 2009a Davino et al., , 2012 and, most recently, Pepino mosaic virus (PepMV) (Davino et al., 2008; Tiberini et al., 2011) and Tomato torrado virus (ToTV) (Davino et al., 2010) .
Symptoms of PepMV infection in tomato are diverse, and include chlorosis, yellow or necrotic spots and mosaic on leaves, brown streaking on stems as well as blotchy ripening, and flaming and marbling of fruits. This variable expression is thought to be modulated by the presence of other viruses, environmental conditions, tomato cultivars and PepMV strains (Davino et al., 2008; G omez et al., 2009; Hanssen & Thomma, 2010; Hasi ow-Jaroszewska et al., 2010) . Several symptomless wild herbaceous plants collected around PepMV-infected tomato greenhouses have been described to be infected by PepMV (Jord a et al., 2001; Davino et al., 2009b) . PepMV spreads easily within greenhouses through manual handling, pot-propagation, hydroponic systems, seed (C ordoba-Sell es et al., 2007; Hanssen et al., 2010b) , bumblebee pollination (Shipp et al., 2008) , the fungal vector Olpidium virulentus (Alfaro-Fern andez et al., 2010), the bug Macrolophus caliginosus (Klapwijk & Stijer, 2000) and the whitefly Trialeurodes vaporariorum (No€ el et al., 2014) .
Pepino mosaic virus is a member of the genus Potexvirus, family Alphaflexiviridae. The virions are filamentous and the genome is a single-stranded, positive-sense, monopartite polyadenylated RNA of approximately 6400 nucleotides (nt) comprising five open reading frames (ORFs) and terminal untranslated regions named UTR 5 0 and UTR 3 0 (Aguilar et al., 2002; Cotillon et al., 2002; Hasi ow-Jaroszewska et al., 2008) . ORF1 encodes the putative viral replicase containing the methyltransferase, helicase and RNA-dependent RNA polymerase (RdRp) domains; ORFs 2, 3 and 4 contain the triple gene block (TGB) essential for cell-to-cell movement, and ORF5 encodes the coat protein (CP).
Pepino mosaic virus was first described in Peru in pepino plants (Solanum muricatum) by Jones et al. (1980) , then later in Europe in tomato crops in the Netherlands and the United Kingdom (van der Vlugt et al., 2000; Mumford & Metcalfe, 2001 ) and subsequently it spread worldwide.
Pepino mosaic virus is currently classified into six strains based on molecular and biological characteristics: European strain (EU), North American strain (US1/ CH1), Chilean strain (CH2), the recombinant strain (US2), the original Peruvian strain (LP), and the new Peruvian strain (PES) (Hanssen & Thomma, 2010; Moreno-P erez et al., 2014) .
In Europe the EU strain spread first (Cotillon et al., 2002; Salomone & Roggero, 2002; Pag an et al., 2006) , but later the CH2 strain became predominant (G omez et al., 2012a; Moreno-P erez et al., 2014) . The first PepMV outbreak in Sicily occurred in a single greenhouse in 2005, and was quickly eradicated (Davino et al., 2008) . In 2008 PepMV was found again in the same area affecting several greenhouses, making its eradication or control impossible. During the last 5 years, PepMV has been the most destructive pathogen in Sicilian tomato crops. The aim of the present study was to assess the dispersion and the genetic diversity of PepMV in Sicily to improve the understanding of the evolution and epidemiology of this virus.
Materials and methods

Isolate collection
A total of 1800 samples from tomato plants with and without symptoms were collected from the provinces of Agrigento, Caltanissetta, Palermo, Ragusa, Siracusa and Trapani from 2011 to 2013. Every year, 100 samples per province were randomly collected according to the hierarchical sampling scheme developed by Gottwald & Hughes (2000) with minor correction for adapting the scheme to tomato plants. During the three years of investigation the samples were collected in the same areas previously marked by GPS. Each sample was split into two subsamples to carry out the serological and molecular analyses.
Samples were analysed by double antibody sandwich (DAS)-ELISA using PepMV polyclonal antibodies (Loewe-Phytodiagnostica Biochemica).
Host range characterization
Three PepMV isolates, associated with different symptoms in the field, were characterized: SIC007 collected in 2011, SIC021, collected in 2012 and SIC056 collected in 2013 (Fig. 1) . The samples were initially tested for the presence of the most common viruses present in Sicily , with no other viruses being detected. Three plants per host (Capsicum annuum 'Piemontese rosso', Chenopodium quinoa, Datura stramonium, Nicotiana benthamiana, N. clevelandii, N. tabacum, Ocimum basilicum 'Lilliput', Petunia hybrid 'Grandiflora' and S. lycopersicum 'Moneymaker') were mechanically inoculated with extracts from PepMV-infected tomato samples. Plants were grown in sterilized soil in an aphid-proof glasshouse, with a photoperiod of 14 h light and a target air temperature set at 28/20°C day/night. Symptoms were recorded weekly and the presence of PepMV was evaluated by DAS-ELISA.
Genetic characterization
Approximately 10% of infected samples were used for molecular analysis. Total RNA was extracted as previously described (Davino et al., 2013) . The purified total RNA was quantified with a NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific).
Reverse transcription (RT) PCR using the primers PepMV-TGB 5 0 -CACACCAGAAGTGCTTAAAGCA-3 0 and PepMV-UTR 5 0 -CTCTGATTAAGTTTCGAGTG-3 0 , which encompassed the CP gene (Mumford & Metcalfe, 2001) , was carried out. RT-PCR was performed in a 25 lL final reaction volume, containing 20 mM Tris-HCl (pH 8.4), 50 mM KCl, 3 mM MgCl 2 , 0.4 mM dNTPs, 1 lM each primer, 4 U RNaseOut, 20 U SuperScript II reverse transcriptase and 2 U Taq DNA polymerase (Invitrogen). A final concentration of 10 ng lL À1 RNA was used as template. RT-PCR was carried out in a Peltier thermal cycler PTC 100 (MJ Research Inc.) with the following parameters: 42°C for 30 min; 94°C for 2 min; 35 cycles of 30 s at 94°C, 30 s at 56°C, and 30 s at 72°C; and a final elongation of 4 min at 72°C.
The population structure of PepMV was assessed by singlestrand conformation polymorphism (SSCP) analysis. SSCP was performed using RT-PCR products as previously described by Davino et al. (2013) in a nondenaturing 8% (w/v) polyacrylamide gel, adjusting conditions to 200 V at 4°C for 7 h.
Sixty-seven RT-PCR products were sequenced in both directions using an ABI PRISM 3100 DNA sequence analyser (Applied Biosystems). The sequences obtained were trimmed to remove the TGB and UTR 3 0 sequences, leaving only the 714 nt CP gene. Nucleotide sequences of the CP genes of 131 PepMV isolates from different countries were retrieved from GenBank and used for phylogenetic analyses.
Data analysis
The CLUSTALW algorithm (Larkin et al., 2007) was used to construct a multiple nucleotide sequence alignment. To estimate the number of nucleotide substitutions, a mathematical model considering nucleotide frequencies and instantaneous rate change was used. The model that fitted best was the Tamura-Nei model Plant Pathology (2017) 66, 368-375 TN93 (Tamura, 1992) , assuming variable substitution rates among nucleotide sites of a = 0.79. Phylogenetic relationships were inferred by the maximum likelihood method (ML) (Nei & Kumar, 2000) with 1000 bootstrap replicates to estimate the statistical significance of each node (Efron et al., 1996) . All analyses were performed with the MEGA 5 program (Tamura et al., 2011) .
To investigate the temporal structure of the collected data, including the sequences obtained from the first outbreak in 2005, the program PATH-O-GEN v. 1.3 was used (tree.bio.ed.ac.uk/software/pathogen/). The ML tree was used as an input together with the sampling dates. A linear regression between the tip-to-root genetic distance of the phylogenetic tree and the corresponding collection dates was performed by PATH-O-GEN.
Analysis with program RDP3 including the algorithms GENE-CONV, BOOTSCAN, MAXCHI, SISCAN, 3SEQ, LARD and RDP (Martin et al., 2010) was carried out to investigate the presence of recombination events between the nucleotide sequences obtained. Only concordant results of in silico analysis between different algorithms were considered as a positive result.
Nucleotide distance or nucleotide sequence diversity of the PepMV CP gene was estimated within and between different countries or geographical regions, which were considered as geographic populations, using the Jukes-Cantor model (Jukes & Cantor, 1969) . The genetic differentiation between populations was assessed by three permutation-based statistical tests: K s *, Z* and S nn (Hudson et al., 1992; Hudson, 2000) . At the same time the gene flow level was estimated applying the statistic F ST value (Weir & Cockerham, 1984) . All of these tests were carried out with the DNASP v. 5.0 program (Librado & Rozas, 2009) .
The role of natural selection at the molecular level was studied by evaluating the rate of synonymous substitutions per synonymous site (dS) and the rate of nonsynonymous substitutions per nonsynonymous site (dN), separately. These values were estimated by the Pamilo-Bianchi-Li method (Pamilo & Bianchi, 1993) with the MEGA v. 5.0 program.
Selection at individual codon sites was statistically tested using the fixed effects likelihood (FEL) and single likelihood ancestor counting (SLAC) methods available from the Datamonkey server (http://www.datamonkey.org) (Kosakovsky Pond & Frost, 2005) . Only concordant results obtained through both methods were considered.
Results
Incidence of PepMV infection
The DAS-ELISA analysis showed that 676 out of the 1800 tomato samples (37.5%) were infected with PepMV. Table 1 
Host range
Mechanical inoculations successfully transmitted SIC007 to eight out of nine herbaceous plants (C. annuum was not infected) and SIC021 and SIC056 to six out of the nine herbaceous plants (C. annuum, O. basilicum and P. hybrida were not infected; Table 2 ). Datura stramonium and N. benthamiana were the two species most sensitive to infection, and developed symptoms in the first week following inoculation, while S. lycopersicum, O. basilicum and P. hybrida showed symptoms only from the third week after inoculation. These observations were confirmed by DAS-ELISA (Table 2 ). This is the first report of P. hybrida as an experimental host of PepMV.
Coat protein characterization
Molecular analysis was carried out on 67 samples confirmed positive by DAS-ELISA. RT-PCR yielded the expected 844 bp fragment for all samples, corresponding to the partial TGB, whole CP gene and partial UTR 3 0 sequence. SSCP analysis showed that all samples had simple patterns, characterized by two bands corresponding to the two cDNA strands indicating that within-isolate populations were homogeneous, having a single haplotype (data not shown). The sequences obtained were deposited in the GenBank database under accession numbers KP153100 to KP153166. PATH-O-GEN revealed that divergences between Sicilian PepMV isolates were not dependent on the sampling date: there was a very low correlation coefficient between time and tip-to-root distance (0.032), meaning that the number of nucleotide substitutions with respect to the most recent common ancestor (MRCA) did not increase in a linear manner with time. However, this could be due to the short timespan used in this study in comparison with the nucleotide substitution rate.
No recombination events were detected among the PepMV sequences using the RDP3 program.
Phylogenetic analysis showed five main clades that corresponded to the EU, US1/CH1, CH2, LP and PES strains. All Sicilian isolates clustered in the clade corresponding to strain CH2, with other isolates from Italy, France and Spain (Fig. 2) .
Nucleotide diversity was 0.095, 0.121, 0.192, 0.246, 0.081, 0.340 between isolates from Italy and those from Belgium, Poland, Spain, the New World, France and the Netherlands, respectively (Table 3 ). The genetic differentiation between geographic populations was assessed using K s *, Z* and S nn and, in most cases, results were significant (Table 3) , suggesting genetic differentiation between them. The statistic F ST was used to evaluate the gene flow level between geographic populations: two populations with a similar distribution of sequence variants would have an F ST value that is close to zero whereas an F ST value close to 1 indicates total separation. The results showed a certain gene flow between Belgium, France and Italy (Table 3) . However, it is important to note that the difference in PepMV sample sizes from each country could affect the results. For example, only four isolates were analysed for the Netherlands, meaning that within-country genetic diversity is probably underestimated, which could lead to artificially low within-country genetic diversity and high F ST values. No association occurred between the geographic location and the position of the Sicilian PepMV isolates in the ML tree. This suggests low genetic differentiation and high gene flow between the Sicilian provinces sampled in this study. This hypothesis is supported by the low nucleotide sequence diversity among the Sicilian isolates, suggesting that PepMV spread rapidly over the region.
The CP gene of the Sicilian PepMV isolates showed dN and dS values of 0.003 and 0.029, respectively with a dN/ dS ratio of 0.103. These values confirm the hypothesis of negative selection due to functional and structural constraints. Analysis of selection at individual codons identified one positively selected site located at position 13 of the CP gene (Fig. 3) , which could be due to adaptation.
Discussion
Tomato is an economically important greenhouse crop in Sicily, covering an area of 7000 ha mainly located in the provinces of Ragusa, Siracusa and Trapani. At present, tomato crops are frequently affected by several diseases, and for this reason it is very important to monitor the territory to avoid the establishment and spread of emergent pathogens.
Pepino mosaic virus is now considered one of the most important viruses for tomatoes produced in greenhouses. 
b, Bubbling; byl, bubbling on the young leaves; dld, delayed leaf development; fbyl, few bubbles on the young leaves; lbl, low bubbling level; lblyl, low bubbling level on the basal part of the young leaves; ld, leaf deformation; md, mild deformation; mm, mild mosaic; mml, mosaic on mature leaves; y, interveinal yellowing. a Infected only by SIC007.
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Typical symptoms include yellow and mosaic patches, necrosis, marbled and flamed fruits and uneven ripening within the same plant. The ELISA recommended by the International Seed Health Initiative is not considered a robust and sensitive method to identify infections with a low virus titre. Recently a simple and rapid detection method based on loop-mediated isothermal amplification (RT-LAMP) for the identification and characterization of PepMV strains has been developed (Hasi owJaroszewska & Borodynko, 2013; Ling et al., 2013) . The determination of genetic diversity within a country is very important for virus management, especially for the development of genetic resistance strategies and to strengthen phytosanitary measures at international borders. In this study, the spread of PepMV was monitored from its first occurrence in Sicily to 2013. In the first year of survey, the virus was detected in only one province, while just one year later, the virus was present in all provinces, with a rapid increase of incidence from 13% in 2011 to 63% in 2013. The results provide evidence that PepMV is spreading rapidly, possibly as a result of several factors: (i) lack of knowledge of the symptoms of the new disease: unusual leaf disorders, marbling, spots and pitting on fruit, (ii) rural labourers working on different farms not abiding by Figure 2 Phylogenetic relationships between Sicilian PepMV isolates and isolates from other countries determined with the maximum likelihood (ML) method with bootstraps of 1000 replications. Only bootstrap values >50% are indicated in the nodes. Strains corresponding to the main clades, and reference isolates corresponding to the main strains, are in bold. Isolates in boxes were characterized biologically also. basic prophylactic rules, or (iii) illegal production of self-rooted cuttings distributed across the region. Moreover, intensive hands-on practices may spread the virus to nearby greenhouses. This hypothesis is supported by the low genetic variability for the Sicilian isolates. Based on the molecular analysis, PepMV isolates from Sicily belong to the CH2 strain. PepMV is characterized by a rapid molecular evolution as demonstrated by the high rate of substitutions per site per year, approximately an order of magnitude higher than the corresponding values of other plant RNA viruses (G omez et al., 2012b) . Epidemiological studies have shown how strains are rapidly replaced by new ones. The first PepMV isolates in Europe shared about 99% nucleotide identity and they were considered to be the European strain (EU) (Hanssen & Thomma, 2010) . After 2005, isolates of the EU strain were replaced by isolates of the CH2 strain (with nucleotide identities about 80% between isolates of different strains) (Pag an et al., 2006; G omez et al., 2012a; Moreno-P erez et al., 2014) . The discovery that the Sicilian PepMV isolates in this study were related to the CH2 strain was expected from the relatively recent emergence of PepMV in Sicily. It is important to note that some of these PepMV isolates induce severe symptoms on fruit. Considering the rapid emergence of new isolates or strains, it can be speculated that there will be a high risk of across-host spread and the occurrence of new viral variants also in other crops.
From an epidemiological point of view, aspects of the long-distance dissemination of PepMV should be monitored, such as the trade in living plantlets, seeds and contaminated pots. Based on the fact that PepMV spread rapidly and evolved quickly, it is important to determine the genetic diversity in a particular restricted environment, such as an island, to eventually determine which mild strain may be used for cross-protection (Ling et al., 2013) . More restrictive management is required to avoid PepMV spreading to other Italian regions, such as Apulia and Campania where tomato crops are also produced extensively.
